ABSTRACT. This work examines the applicability of averaged concentrations, a mathematical analog of field-measured solute concentrations averaged over a large number of pores, in determining mineral reaction rates in heterogeneous porous media. Pore-scale network models were used to represent sandstones with anorthite and kaolinite as reactive minerals that are heterogeneously distributed in space. Reaction rates calculated from averaged concentrations were compared to true reaction rates that take into account variabilities in individual pore properties. Simulations were run under the highly acidic conditions relevant to geological CO 2 sequestration in deep brine formations under various mineralogical and flow conditions. Results show that, under conditions where incomplete mixing arises, the averaged concentrations and analogously the field-measured concentrations, do not accurately reflect reaction progress. Over the length scale of several millimeters, the anorthite dissolution rates can be overestimated by a factor of three. For kaolinite, due to its highly nonlinear reaction rate law, even the reaction direction may be incorrectly determined, with precipitation predicted as dissolution. The extent of errors introduced depends on the extent of incomplete mixing. Conditions that homogenize the concentration fields, such as small reactive mineral clusters, abundant reactive minerals, and very fast or very slow flow rates, minimize errors introduced from averaging. These results indicate that the averaging scheme may partly contribute to the often-cited laboratoryfield rate discrepancy and have important implications for the interpretation of concentration data obtained from field investigation.
tions -the concentrations at locations close to reacting surfaces can be very different from those at locations not in direct contact of reacting surfaces others, 2006, 2007a) . One problem that arises from such conditions is that the field-measured solute concentrations, which are often drawn from a large number of pores and are essentially averaged concentrations (Appelo and Postma, 1996) , may not represent the concentrations in the immediate vicinity of the reactive surfaces where reactions actually occur and may not accurately represent the reaction progress. Nonetheless, these "averaged" concentrations are often used to infer reaction rates in the field. As a result, such reaction rates may not accurately represent the reaction thermodynamics and kinetics in the field and may partly contribute to the observed rate discrepancy.
In fact, errors introduced in using averaged concentrations have been observed in recent studies. From both experimental others, 1997, 1998; Raje and Kapoor, 2000; Gramling and others, 2002) and numerical studies (Kapoor and others, 1997) , researchers have found that heterogeneities in flow fields produce spatial variations in concentrations and the use of averaged concentrations can erroneously predict reaction rates even for simple bimolecular reactions. Martin-Hayden and Robbins (1997) observed that averaged contaminant concentrations obtained from groundwater monitoring wells can predict distorted contaminant plumes and apparent attenuation that do not really exist. Molz and Widdowson (1988) reported that averaged oxygen concentrations can predict anaerobic conditions in what are actually aerobic zones. These observations document the effects of spatial heterogeneities at a large spatial scale and underscore the general principle that errors can be introduced when interpreting spatially-averaged concentrations measured in natural porous media.
This work extends our previous work by addressing the applicability of averaged concentrations (and by deduction, field-measured concentrations) in determining rates of mineral reactions that occur in natural porous media under various mineralogical and hydrodynamic conditions. This work continues to use the pore-scale network models developed for our previous study to represent sandstones with hypothetical, but realistic, pore-structures and mineral distributions others, 2006, 2007a) . Detailed distributions and heterogeneities of pore structure and characteristics are explicitly taken into account in modeling the transport and reaction processes in individual pores so that the resulting concentration fields and reaction rates are affected by the heterogeneities of porous media. The reaction rates calculated based on the mass balance of such network systems represent the "true" reaction rates. They are compared to rates that are calculated using averaging assumptions to quantify the extent of error that can be introduced during averaging.
This work differs from our previous study in terms of the averaging schemes and meanings of the averaged reaction rates. In our previous studies, the averaging scheme used the well-mixed assumption a priori to average the porous medium properties before reactive transport modeling. As such, the averaged reaction rates represent those using the continuum approach in one grid block in forward modeling (Lichtner, 1985) . In this work, the flux-averaging scheme is used a posteriori to represent the mixing processes in a well during field sampling. As such, the reaction rates calculated using the averaged concentrations represent those calculated from concentrations of field samples. The comparison between rates calculated from the flux-averaged concentrations and those without averaging therefore represent the errors that can be introduced in using averaged concentration in field samples. Quantifying these potential errors can be critical due to the ubiquitous use of the field samples not only in estimating mineral reaction rates in the field, but also in quantifying geochemical conditions for many important environmental problems, including, for example, radionuclide bioremediation (Anderson and others, 2003) , organic contaminant bioremediation (Zachara and others, 2004) and denitrification (Postma, 1990; Postma and others, 1991) .
The network models constructed for this work simulated sandstones containing anorthite and kaolinite. These minerals are potentially relevant to geological CO 2 sequestration (Gaus and others, 2005; White and others, 2005) and long-term regulation of atmospheric CO 2 concentrations (Walker and others, 1981; White and Brantley, 1995) . Anorthite is an important end member of the feldspar solid solution that can sequester CO 2 as carbonate mineral (Walker and others, 1981; Berner and others, 1983; White and Brantley, 1995) . The anorthite reaction is as follows:
Kaolinite has the following reaction:
To allow for the comparison with our previous work for the effects of different averaging schemes, the simulation conditions were chosen to be the same as in our previous study under temperature (323 K), pressure (10 7 Pa), and salinity conditions relevant to geological CO 2 sequestration (Li and others, 2007b) . In addition, we look at the effect of flow conditions to identify the hydrodynamic conditions under which the introduced errors reach a maximum. Thirty-three pore-scale network models were simulated to investigate the effect of variations in mineral spatial distribution and abundance. For the influence of hydrodynamic conditions, eighteen different flow rates covering five orders of magnitude were examined. methods Pore-scale network modeling has been widely used in investigating transport phenomena in porous media, including multiphase flow (Celia and others, 1995; Blunt, 2001) , drying processes (Prat, 2002) , bubble transport (Stark and Manga, 2000) , and in chemical and biological processes such as the dissolution of organic contaminants (Jia and others, 1999) and biomass growth (Suchomel and others, 1998) . Pore-scale network models represent the porous media as an interconnected network of pores with various physical and chemical properties. At the pore network scale it maintains the continuum-scale characteristics of porous media, such as the porosity, permeability, and total amount of mineral surface area. It also takes into account details at the pore scale, including pore volume, pore surface area, et cetera. This modeling approach provides a useful means of studying averaging effects because concentrations and reaction rates at the pore network scale are related to concentrations and reaction rates at the scale of individual pores, a scale at which reaction processes are well-defined. Figure 1 shows a simplified schematic representation of a pore network model, although the network used in this work is of irregular shape, with no distinction between pore bodies and pore throats. This section briefly presents the pore-scale network modeling approach used in this work, calculation of continuumscale reaction rates, and simulation conditions. More details are documented in Li and others (2006) .
Network Construction
The constructed regular-latticed 3D network models correspond to a physical size of 3.4 ϫ 3.4 ϫ 3.4 mm 3 , each containing 8000 pores (20 ϫ 20 ϫ 20). The size of the networks is larger than the typical size defined by a Representative Elementary Volume (REV) (Li and others, 2007a) , the volume at which the porous medium properties at the continuum scale can be defined (Bear, 1972) . The properties of the networks, such as the porosity and the mineral surface area to volume ratio, stabilize when the number of the pores exceeds 6000 (Li and others, 2007a) . As such, the continuum scale is defined here to refer to the scale of the entire network of pores. At this scale, the network models have physical properties of typical consolidated sandstone, with a porosity of 0.14, a surface area to volume ratio of 1.3ϫ 10 4 cm -1 , and a permeability of 7.9ϫ 10 -10 cm 2 (79 milliDarcy). Within the network, each pore is characterized by several parameters, including pore volume, pore-to-pore hydraulic conductance, pore surface area, and pore-to-pore cross-sectional surface area. Across the network each parameter forms a statistical distribution, from which the parameters for individual pores are randomly sampled. The form and the parameters for each distribution are based on literature data for consolidated sandstones (Freeze, 1975; Wardlaw and others, 1987; Sen and others, 1990; Lymberopoulos and Payatakes, 1992; Borgia and others, 1996; Turcke and Kueper, 1996; Frosch and others, 2000; Lindquist and others, 2000; Ross, 2000) , as listed in table 1.
To model uneven spatial distribution of minerals in sedimentary rocks (Carozzi, 1993) , pores are classified as either non-reactive, that is, containing only quartz, or as reactive, with anorthite and kaolinite each occupying half of the solid. This classification is based on the fact that the quartz reaction rate is more than six orders of magnitude smaller than the anorthite and kaolinite reaction rates under the same conditions (Kump and others, 2000) . Such formulation allows kinetic reactions to occur only in reactive pores, which is accurate for dissolution reactions, but is not necessarily the case for precipitation reactions. This can be justified by the fact that in non-reactive pores, precipitation reactions would need to go through a nucleation step before crystal growth due to the lack of reactive mineral surface area. Because the nucleation step is often the rate-limiting step (Steefel and Van Cappellen, 1990; Fig. 1 . A simplified conceptual representation of the pore-scale network model with pores of different volumes. The pores used in this work are actually of irregular shape, with no distinction between pore bodies and pore throats. The red color indicates reactive pores and the blue color represents non-reactive pores. geochemical reaction rates in heterogeneous porous media Lasaga, 1998; Giammar and others, 2005) , the precipitation reaction would occur much more slowly in non-reactive pores than in reactive pores, so that within the short time frame considered in this work, this effect is assumed to be negligible. With longer time frames, however, precipitation will gradually occur and reactive mineral surface area will accumulate in non-reactive pores, and the inclusion of precipitation in non-reactive pores may become necessary.
Given a fixed total amount of reactive minerals for the network, reactive pores are organized in randomly-distributed uniformly-sized cubic clusters. The size of the pore clusters is defined by the cluster length and the number of pores in one dimension. To examine the effects of reactive cluster size, network models were constructed with reactive clusters of size ranging from a length of one to a length of sixteen. In the cases of all reactive pores gathered in one single cluster, the reactive cluster is positioned in the center of the network. The effects of reactive mineral abundance were examined with the percentage of reactive minerals being 6.25 percent, 12.5 percent, 25 percent, and 50 percent. For each case, four realizations were simulated by keeping the bulk properties constant at the network scale. That is, the porosity, permeability, reactive mineral cluster size and abundance were kept constant for each realization, while the parameters of individual pores were randomly assigned and can vary from one realization to another. The results from the four realizations, such as values of continuum-scale reaction rates, were averaged to represent the rates for each case and the range of the values are represented with bars.
Pore-Scale Modeling of Reactive Transport Processes
The steady-state flow field was determined before the pore-scale reactive transport simulation. In this work we assign pressure gradients at the boundaries in one direction, with all other boundaries as no flow boundary. This results in macroscopically one dimensional flow. The flow rate between pore i and its neighbor pore j is proportional to the conductance and pressure difference between the two pores. For each pore i, the inflow and outflow must be balanced. That is,
Here nc is the total number of pores connected to pore i (normally six); Q ij symbolizes the flow rate between pore i and j. For each pair of connected pores, the direction of the flow is opposite so that Q ij ϭ -Q ji . As such, the flows within the network are (2000). b. Based on Sen and others (1990) , Borgia and others (1996) , and Frosch and others (2000) . c. Based on Freeze (1975) , Lymberopoulos and Payatakes (1992) , Wardlaw and Forbes (1987) , and Ross (2000).
cancelled out. Therefore, the overall flow rate for the network, which is the summation of flow of all pores, is equal to the summation of flow rates that enters or leaves the network. The relevant reactions include anorthite and kaolinite reactions, which are considered kinetically, and nine additional instantaneous aqueous reactions, as listed in table 2. In total 14 relevant species are considered. Time scale analysis has shown that the mass transport (diffusion and advection) is relatively fast compared to chemical kinetics at the spatial scale of individual pores (Li and others, 2006) . As such, concentration gradients are small and we can assume spatially uniform concentrations within individual pores. In other words, we do not need to discretize further within a pore. Within each pore, the mass change of chemical species is described by mass balance equations, developed following Lichtner's systematic formulation (Lichtner, 1985) . With this formulation, the mass balance equations for our interested system can a. Equilibrium constants were taken from Morel and Hering (1993) and adjusted to the system temperature and pressure using SUPCRT (Johnson and others, 1992) . b. The components or total species are defined using the formulation of Lichtner (1985) or the tableau method introduced in Morel and Hering (1993) .
be written for five components, or total species, that are linear combination of the 14 aqueous species, as listed in table 2. The mass balance equations describe mass change rates due to advection, diffusion between adjacent pores, and reactions, and take the following general form (for pore i):
where [•] represents the concentration of one of the components; V i is the volume of pore i; j is the index for the pores that are connected to pore i; D • * ij is the effective diffusion coefficient of the component between pore i and its neighbor pore j, which depends on the local concentration gradients of the component between pore i and pore j; a ij is the cross-sectional area between pore i and j; l is the distance between centroids of connected pores; and S •,i denotes the mass change rate due to kinetic reactions.
The values of D • * ,ij for the collective components were calculated based on the species-dependent diffusion coefficients. For example, for total carbonate C T , the diffusion coefficient is calculated as follows:
Such calculation does not take into account the electrochemical migration arising from a diffusion potential caused by the different diffusion rates of charged species (Newman, 1991) . Under conditions relevant to geological CO 2 sequestration, however, the ubiquitous presence of the high background salinity diminishes this effect (Giambalvo and others, 2002; Li and others, 2007a) . This formulation also explicitly incorporates the spatial variability in pore-scale flow rates, which generates a dispersion effect at the continuum scale. The reaction term, S •,i , for each component in each pore is the sum of the rates of all of the involved kinetic reactions. The rate of each kinetic reaction in pore i is the product of the area-normalized reaction rate and its surface area in that pore A i . As such, the anorthite and kaolinite reaction rates in individual pores, r A,i and r K,i (mol cm -2 s -1 ), respectively, are calculated using their respective reaction rate laws and the local concentrations (Lasaga, 1998) . Under the highly acidic conditions of interest in this work, the anorthite reaction rate in pore i is calculated as follows:
with the following expression for the saturation state
Here, k H is the reaction rate constant, with a value of 10 -7.07 mol cm -2 s -1 (Oelkers and Schott, 1995) ; n H is a constant that describes the degree of catalytic effect of hydrogen ion activities, with a value of 1.5 (Oelkers and Schott, 1995) ; {•} i indicates the activity of an aqueous species in pore i (mol/L); and K eq,A denotes the equilibrium constant of the anorthite reaction. Similarly, for the kaolinite reaction rate,
with the following expression for
In this rate law, the value of k H is 10 -14.8 mol cm -2 s -1 (Ganor and others, 1995) ; the value of n H is 0.4 (Ganor and others, 1995) , and m is a constant that describes the degree of the dependence on the saturation state of the aqueous phase, with a value of 0.9 (Nagy and others, 1991) . For example, for the species Ca 2ϩ , the reaction term is calculated as the following:
Due to the heterogeneous nature of the network, the parameters in equation (4), including the pore volume and surface areas of reacting surfaces vary from pore to pore. Parameters such as conductance, diffusion coefficients, the cross-sectional area are different not only from pore to pore, but also for each connection to neighbor pores for each pore i. The reactive transport equation (4), coupled with laws of mass action for instantaneous reactions, was used to solve concentrations of all fourteen species in each pore at each time step. Details of the numerical methods were documented in Li and others (2006) .
Continuum-Scale
Rates from the Network Model: R N The pore-scale reactive transport modeling above gives detailed information on the local concentrations and reaction rates in individual pores, based on which the overall reaction rates across the network can be calculated. The size of the computational domain, that is, the pore network, is chosen to be larger than the Representative Elementary Volume (Bear, 1972; Li and others, 2007a) so that the overall reaction rates at the pore network scale are continuum-scale reaction rates. The continuumscale reaction rates can be calculated based on the mass balance of the network. The total mass change rate of the network is the summation of equation (4) for all pore i. For example, for total Ca 2ϩ , this gives us the following:
where n is the total number of pores. In this work, we consider reaction rates after the system reaches steady state, where concentrations in individual pores do not change as a function of time. As such, the left hand side of equation (11) becomes zero. At the right hand side, the flow terms within the network cancel out, except for the ones that enter and exit the network. These are the pores that directly connect to the boundary. The diffusion terms for all pores also cancel out due to the opposite directions of the concentration gradients between neighbor pores. As such, the overall reaction term ¥ iϭ1 n A A,i r A,i is equivalent to the change in mass between outflow and inflow and is the net overall reaction rate across the network taking into account all available reacting surfaces. The area-normalized overall reaction rates are therefore calculated as the following for anorthite:
The calculation of the continuum-scale rate for kaolinite (R N ,K ) is analogous. This rate represents the "true" reaction rates for the network calculated from the mass balance of the network system and has explicitly taken into account the effect of pore-scale heterogeneity. Because reactions occur only in reactive pores that have non-zero values of surface area of anorthite and kaolinite, the continuum-scale dissolution rates are determined only by concentrations in reactive pores where kinetic reactions occur.
Rates from Averaged Concentrations: R N Ј During field sampling, water from a large number of pores enters the sampling well and is mixed within the well. The amount of water entering a sampling well from each pore is proportional to the flux out of the pore. The mixing process conserves the total mass of the components and imposes the requirement of homogeneous equilibria. To computationally represent this process, we use flux-weighted average concentrations to represent the concentrations of components measured from field samples. For example, for total calcium species, the average concentration ͓Ca 2ϩ ͔ is computed as follows:
where Q t,i is the sum of fluxes either into or out of pore i. The flux-averaged concentrations of the other four components were calculated in the same way. With the flux-averaged concentrations of the total species, the laws of mass action for the nine instantaneous reactions were then imposed to obtain averaged concentrations of all fourteen species. For example, the averaged concentration of hydrogen ion is calculated based on speciation of the involved instantaneous reactions and the concentrations of the five components in the system. The averaged pH is then calculated as pH ϭ Ϫlog 10 {H ϩ }. With the averaged concentrations of all 14 species, the continuum-scale rates, R N Ј , were then calculated using reaction rate laws expressed in equations (6) and (8). Reaction rates calculated from these concentrations are mathematical analogs to the spatially averaged rates calculated from measured concentrations from field samples.
The flux averaging procedure indiscriminately takes into account concentrations in all pores, including those in non-reactive pores that may not reflect reaction progress. The resulting concentrations may not accurately represent the concentrations at reactive sites in a heterogeneous porous medium, thereby serving as poor indicators of the overall reaction rates in the porous medium. However, such averaging procedure is done here on purpose to see how much error can be introduced in using these concentrations from field samples. Although this flux averaging is different from volume averaging, the resulting averaged concentrations actually are quite similar to volume-averaged concentration, as shown in another contribution (Li and others, 2007a) . The flux-averaging approach is also a different approach for calculating the continuum-scale averaged reaction rates than what was used in our previous work that represent averaging assumptions used in forward modeling (Li and others, 2007a ).
Comparison Between Continuum-Scale Reaction Rates
For the comparison of R N Ј and R N , we define the ratio:
and a subscript A or K is used to denote the values for anorthite and kaolinite, respectively. The deviation of the value from unity provides a measure of how well the rates based on averaged concentrations represent "true" reaction rates and the extent of error introduced in R N Ј. Although this definition is similar to that of the value defined in our previous work (Li and others, 2007b) , the meaning of ␤ is different in that it quantifies the difference between the rates calculated from flux-averaged concentrations and "true" reaction rates based on the mass balance of the network.
Simulation Conditions
The simulations were run under conditions relevant to geological sequestration of CO 2 in deep brine formations, at 323 K, 10 7 Pa, and total dissolved salinity of 0.45 mol/L as sodium chloride. Due to the high salinity, the activity coefficients were considered constant both in time and space and were estimated using the Davies equation (Morel and Hering, 1993) . Equilibrium constants were taken from Morel and Hering (1993) and adjusted to the simulation conditions using the software SUPCRT (Johnson and others, 1992) . Initially the brine is assumed to be in equilibrium with quartz and kaolinite at pH 7.5. The brine at the inflowing boundary is assumed to have the same [Ca 2ϩ ] as in the initial aqueous phase within the network, with its total carbonate concentration calculated from phase equilibrium with carbon dioxide (Duan and Sun, 2003) at a pressure of 10 7 Pa, corresponding to a boundary pH of 2.9. To examine the effects of variations in reactive mineral spatial distributions, the simulations were run for a flow velocity of 4.6 ϫ 10 -3 cm/s, which corresponds to conditions of proximity to an injection well (Knapp, 1989) . In examining the effect of hydrodynamic conditions, the Darcy flow velocity at the pore network scale was varied from 10 -5 to 10 2 cm/s. The systems were run until reaching steady state, where the concentrations of each species and reaction rates do not change with time. The actual time to reach steady state depends on the flow velocity, ranging from tens of thousands of seconds for a flow velocity of 10 -5 cm/s to tens of seconds for a flow velocity of 10 2 cm/s. Due to the relatively slow rates of mass change in the solid phase compared to those in the aqueous phase, the change in porous medium properties (porosity, permeability, and mineral surface area) is negligible within the time frame to reach steady state. As such, the model assumes no change in porous media properties. 
results

Effects of Reactive Cluster Size
Steady-state pH values and reaction rates are compared for two extreme cases: a network with the smallest clusters (cluster length being one), and one with a single large cluster that is ten pores in length. Figure 2 shows a 2D cross-section of the pore network for one realization for both cases. The total amount of reactive minerals is nominally 12.5 percent of the solid phase. The steady-state pH distributions for the two cases are shown in figure 3. For each case, the pH values are shown for all the pores in the network as well as for only the reactive pores. For both cases, hydrogen ion concentrations span 0.7 orders of magnitude, indicating large concentration gradients at the network scale. In general, the consumption of hydrogen ions due to anorthite dissolution produces higher pH values in reactive pores.
The size of reactive mineral clusters plays a large role in determining the concentration distributions. In the small cluster case, the distribution has a primary mode, with its value roughly the same as the mode of the distribution in reactive pores. In the large cluster case, however, the distribution across all pores is bimodal, with one mode being the value of the boundary pH and the other mode corresponding to the elevated pH values in reactive pores. Furthermore, in the large cluster case, there are more reactive pores with high pH values.
As discussed by Li and others (2006) , such differences in the concentration distributions are due to the differences in mass transport between reactive and non-reactive pores, arising from the different sizes of reactive clusters. With small clusters, each reactive pore is in contact with several non-reactive pores, which favors the mass transport and leads to a more evenly distributed concentration field. With large reactive clusters, there are fewer interfaces between reactive and non-reactive pores, and concentrations in most non-reactive pores are not influenced by those in reactive pores.
Also shown in figure 3 are the averaged pH values, computed as pH ϭ Ϫlog 10 {H ϩ } using hydrogen ion activities obtained from the averaging calculation detailed in the previous section. For both cases, the averaged pH values overestimate the hydrogen ion concentrations in reactive pores. However, the extent of overestimation is much larger in the large cluster case, where the averaged pH is close to the boundary pH and hence represents the pH values in non-reactive pores. Figure 4 shows the distributions of steady-state reaction rates in reactive pores in the network. In both cases, the anorthite rates span more than an order of magnitude. The shapes of the anorthite rate distributions are similar to their respective distributions of negative pH in reactive pores, illustrating the governing role that pH plays in controlling reaction kinetics. Also shown in the figure are the "true" rates calculated from the network modeling, R N , and the rates calculated using the averaged concentrations, R N Ј. Values of R N are close to the modes of the rate distributions, while values of R N Ј are farther from the peak and overestimate the actual reaction rates. As expected from the pH distributions, the difference between the two rates is larger in the large cluster case.
For kaolinite, precipitation occurs in most pores, but dissolution occurs in some pores. In both small and large cluster cases, values of R N ,K indicate overall precipitation, while values of R N ,K Ј indicate kaolinite dissolution, which not only predicts the wrong reaction rates, but also the wrong reaction direction. Such a large error is primarily caused by flux averaging combined with the high sensitivity of the kaolinite reaction rate to pH. Combining equations (8) and (9) and considering 1 Ϫ ⍀ K,i m Ϸ⍀ K,i m for precipitation, kaolinite precipitation rates depend on hydrogen ion concentration raised to the power of -5.0. With such high dependence, even small overestimation of hydrogen ion concentrations can lead to large errors in reaction rates. For anorthite dissolution, under highly acidic conditions, the reaction is far from equilibrium and the value of 1 -⍀ A,i is essentially unity for all pores. As such, the rate depends only on hydrogen ion concentration raised to the power of 1.5 and the error introduced in R N,A Ј is relatively smaller. Figure 5 shows R N and R N Ј versus cluster length for all the network simulations with 12.5 percent reactive mineral and hydrodynamic flow rate of 4.6ϫ10 -3 cm/s. Each data point is an averaged value from four realizations. The error bars are presented to see the magnitude of difference between different realizations. For anorthite dissolution, the network model predicts that the rate decreases with cluster length, due to the increasing number of pores with high pH, while R N Ј predicts that rates increase with cluster size, due to the increasing overestimation of hydrogen ion concentration. As a result, the difference between these two rates increases with cluster size. For kaolinite, the network model predicts increasing precipitation rates with increasing cluster size, while R N Ј predicts the opposite reaction direction, with rates that are orders of magnitude smaller than the precipitation rates. 
Effects of Reactive Mineral Abundance
To illustrate the effect of both reactive cluster size and reactive mineral abundance on differences between R N and R N Ј, figure 6 shows ␤ values as a function of cluster length, with reactive mineral abundance ranging from 6.25 percent to 50 percent. The simulations were conducted at the flow velocity of 4.6ϫ 10 -3 cm/s, with cluster lengths ranging from one to sixteen. For a specific cluster size, ␤ A values increasingly deviate from unity with decreasing percentages of reactive minerals. For a specific reactive mineral abundance, the ␤ A values increase with cluster size, although the increase diminishes or even reaches a plateau with larger clusters. For kaolinite precipitation, in the case of 6.25 percent and 12.5 percent, ␤ K values are negative (although it is difficult to see this in figure 6 due to the small magnitude of the values); in the 25 percent and 50 percent case, ␤ K values are positive, indicating the correct prediction of reaction direction by R N,K Ј. With increasing percentages of reactive mineral, the R N, K Ј value increasingly approaches the correct prediction of reaction direction; the ␤ K values are closer to unity, indicating the decreasing magnitude of errors.
Effects of Hydrodynamic Conditions
To illustrate the effect of hydrodynamic conditions, figure 7 shows continuumscale steady-state rates of anorthite and kaolinite reactions for mean flow velocities varying from10
-5 to10 2 cm/s, for a pore network with clusters of four pores in length and with reactive mineral abundance of 12.5 percent. For the anorthite dissolution, both R N and R N Ј decrease with decreasing flow velocities, due to the reduced hydrogen ion concentrations as a result of prolonged reaction times to reach steady state. For the kaolinite reaction, R N and R N Ј show very different behavior. The precipitation rate from the network model (R N ) increases first and then decreases with decreasing flow velocities, while those from the averaging calculation (R N Ј) transit from dissolution to precipitation, with the precipitation rates increasing with decreasing flow velocities. For both anorthite and kaolinite reactions, the differences between R N and R N Ј show three distinct regions. With fast and slow flow velocities, the rates from the two models are similar; with medium flow velocities, the differences are the largest. For the kaolinite reaction, even the reaction direction cannot be correctly determined in the medium flow velocity region.
Such phenomena are a result of the relative importance of reaction and transport at different flow conditions and the resulting heterogeneities in the concentration field. Figure 8 illustrates the effects of variations in hydrodynamic conditions on steady-state pH profiles in a single network layer for a fast flow velocity of 3.6 ϫ 10 -2 cm/s and a medium flow velocity of 3.6 ϫ 10 -4 cm/s. Also shown is the distribution of reactive minerals in this layer. Variations in hydrodynamic conditions have a significant effect on concentration fields. With a high mean flow velocity, advection is much faster than reaction, and the residence time is small so pores are quickly flushed with fresh acidic brine. As a result, pH values cover a small range, with almost all the pores having a pH of 2.9, that of the incoming acidic brine. With a medium flow velocity, the residence time is large enough to sustain a lower hydrogen ion concentration in and near reactive pores. The hydrogen ion concentrations span almost an order of magnitude, with much larger pH values in reactive pores than those in non-reactive pores. Although not shown here, simulation results show that with a low flow velocity, for example, 2.3ϫ 10 -5 cm/s, the concentration field becomes relatively homogeneous again, except with most pores having low hydrogen ion concentrations and high pH values. Under this condition, diffusion is faster than advection and becomes the dominant transport process, which homogenizes the concentrations in reactive and non-reactive pores. Corresponding to the relatively homogeneous concentration fields with high and low flow velocities, differences between R N and R N Ј are relatively small.
discussion
Our modeling results have shown that under the conditions studied here, pore-to-pore heterogeneities in the mineralogy of the solid phase can generate large spatial variations in aqueous concentrations. Averaged concentrations, by representing the reaction progress using single concentration values, may not adequately capture ] fields look very similar to those of pH. 1161 geochemical reaction rates in heterogeneous porous media the effects of these spatial variations in concentrations. As a result, over the length scale of several millimeters, reaction rates determined from the averaged concentrations can overestimate the anorthite dissolution by a factor of three. Under the thermodynamic conditions established by the dissolution of anorthite, kaolinite would precipitate but an averaging calculation would erroneously predict its dissolution. This is because averaged concentrations indiscriminately average over all pores, while the overall reaction rates depend only on concentrations in pores that contain reactive minerals. Analogously, concentrations measured from field sampling of waters from heterogeneous formations, essentially the averaged concentrations, may not accurately reflect reaction progress and may therefore provide erroneous information on reaction rates.
The applicability of averaged concentrations in determining reaction rates in porous media largely depends on the mineralogical and hydrodynamic conditions that can affect the spatial variability of concentrations. With abundant reactive minerals, the concentrations in non-reactive pores are largely influenced by those in reactive pores and the averaged concentrations are more applicable than otherwise. Reactive minerals that are evenly distributed in small clusters facilitate mass transport between reactive and non-reactive pores, reduce concentration heterogeneities, and lead to a better representation of reaction progress by the averaged concentrations. Moreover, with high or low flow velocities, the relative dominance of advection or diffusion results in relatively small differences between concentrations in reactive and non-reactive pores, and favors the applicability of averaged concentrations. It is under the medium flow conditions that the spatial variations in concentrations develop to their extreme. The applicability also depends on the type of reaction, especially the form of reaction rate laws. With highly nonlinear rate laws, such as that for the kaolinite reaction, even small errors introduced in the averaged concentrations can lead to large errors in reaction rate prediction, to an extent that the kaolinite reaction direction can not be correctly determined.
The inapplicability of averaged concentrations in determining reaction rates in porous media under certain conditions essentially stems from the lack of complete mixing at the network scale. Such phenomena have been observed in several other studies at larger spatial scales (Kapoor and others, 1997; Raje and Kapoor, 2000; Gramling and others, 2002) , albeit the incomplete mixing can be caused by different reasons, including the chemical heterogeneities of mineral location and abundance studied here, as well as flow variability (Kapoor and others, 1997) . Such errors may suggest that as long as the conditions for incomplete mixing exist, the averaged concentration may not be directly applicable in reaction rates determined in labmeasured reaction kinetics, which are often measured under conditions of complete mixing. The extent of introduced errors depends on the extent of mixing.
The extent of mixing also depends on the relative rates of flow, diffusion or dispersion, and reaction processes, which in term depend on the time scales of individual processes and the characteristic length of the study domain. In this work, we focus on a pore network of several millimeters in length and we found a threshold flow rate of 10 -5 cm/s for the diffusion to become the dominant transport process to homogenize the concentration fields. Flow rates slower than that would homogenize the concentration fields and there would be no significant scaling effects. The characteristic time scale of diffusion or dispersion is proportional to the square of the characteristic length scale (L 2 /D), while the time scale of advection is directly proportional to the characteristic length scale (L/v). As a result, the time scale required for the diffusion or dispersion to homogenize the concentration field increases much faster than the time scale of advection. As such, at a longer length scale, the threshold flow rate can become much smaller than 10 -5 cm/s. This implies that even for systems such as soil and saprolite where flow rates are much smaller, the condition of incomplete mixing can still arise when the characteristic length is long enough. Under such conditions, the use of field-measured concentrations can still introduce errors in determining reaction rates. Similarly, at a longer length scale, even with the same reaction rates, large concentration gradients can develop due to the longer residence time, and scaling effects can still become significant. These findings have potentially important implications for the interpretation of field data. The results suggest that measured concentrations from field samples of formation waters, as an analog of averaged concentrations, can be misleading in determining reaction rates in heterogeneous porous media under conditions where reactive minerals only occupy a small percentage of the solid phase and are clustered together. Underestimation or overestimation of reaction rates results in overestimation or underestimation, respectively, of time scales required for processes such as CO 2 -mediated mineral weathering. The prediction of wrong reaction directions provides incorrect hydrogeological properties of subsurface systems, and may lead to erroneous predictions in the changes of porosity and permeability of subsurface formations. Models calibrated using such data may produce erroneous conclusions. One such example may be the often-observed lab-field chemical weathering rate discrepancy: the field-measured reaction rates are often orders of magnitude smaller than the measurement in the lab system (White and Brantley, 2003) . For the anorthite dissolution rates, we found a rate discrepancy on the order of a factor of 3, which is much smaller than the observed orders of magnitude difference. Partly this may be due to the fact that in the field, all possible contributing factors, including the age of reacting minerals, contact area between flowing water and surface, and physical and chemical heterogeneities, comes into play, while in the work, we really only focus on the effects of chemical heterogeneities.
Although the averaged concentrations can introduce large errors in predicting reaction rates when directly used in lab-measured mineral dissolution and precipitation reaction kinetics, practically they are the only concentrations that can be measured, because it is not feasible, and probably not possible, to measure concentrations in individual pores. As such, upscaled reaction rate laws need to be developed to provide means of taking into account the small scale variations in mineralogy and pore structure in order to accurately infer reaction rates from averaged concentrations. 
